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ABSTRACT 14 
The properties and microstructure of alkali-activated vitreous calcium aluminosilicate 15 
(VCAS) are presented in this paper. VCAS is manufactured from a by-product of the glass 16 
fibre industry and has been activated using NaOH and KOH solutions. The microstructure and 17 
mechanical properties of alkali-activated VCAS pastes and mortars are reported. The results 18 
show that depending on the type and concentration of hydroxide solution used, mortar 19 
samples with compressive strengths up to 77 MPa can be formed after curing for 3 days at 20 
65ºC. The research demonstrates the potential of VCAS to produce alkali-activated cements 21 
and the importance of alkali type and concentration in optimising properties and 22 
microstructure.  23 
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1.  INTRODUCTION 29 
 30 
There is significant interest world-wide in the development of more sustainable 31 
cementitious materials due to the environmental issues associated with the manufacture of 32 
Portland cement. In 2008 approximately 2,600 million tonnes of Portland cement were 33 
produced and this is expected to increase by ~225% by 2050 (Mahasenan et al., 2003; 34 
Schneider et al., 2011). It is estimated that Portland cement production is currently 35 
responsible for 5-8% of global CO2 emissions due to the high temperatures required for 36 
Portland cement production and the use of limestone (CaCO3) as a major raw material. 37 
 The use of supplementary cementitious materials (SCM) in blended cements, mortars 38 
and the production of Portland cement is increasing. The CO2 resulting from partial 39 
replacement of Portland cement by mineral additions is reported to be reduced from 40 
approximately 886 kg for pure clinker to ~660 kg of CO2 per tonne of cement (WBCSD, 41 
2009), giving a typical reduction of more than 200 Kg per tonne of Portland cement. 42 
However, research efforts are also focusing on the production of alternative cementitious 43 
materials that have lower CO2 emissions, and alkali-activated (AA) cements have particular 44 
potential. Reduction in CO2 emissions by up to 80% has been achieved and the performance 45 
of AA cements can be improved in some aspects in comparison to Portland cement (Shi et al., 46 
2011). 47 
 Alkali activation results in networks of SiO4 and AlO4 tetrahedra linked by sharing 48 
oxygen atoms. Positive ions such as Na+, K+, Mg2+ or Ca2+ must be present in the framework 49 
cavities to balance the charge deficiency of Al3+ compared to Si4+. This forms a three 50 
dimensional network of Si4+ and Al3+ in 4-fold coordination with oxygen (Duxson et al., 51 
2007; Fernández-Jiménez et al., 2005). 52 
 In this paper the use of vitreous calcium aluminosilicate (VCAS) is reported as this a 53 
potential material for the production of alkali-activated cements. VCAS is a pozzolan derived 54 
from melting, quenching and grinding waste glass fibre. It has previously been used as an 55 
admixture in the production of Portland cement mortars and concretes (Hossain and Shirazi, 56 
2008; Neithalath et al., 2009). The effect of curing time on the microstructure and mechanical 57 
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properties of VCAS activated using 10 mol.kg-1 NaOH solution has recently been reported 58 
(Tashima et al., 2012) and this concluded that the optimum curing conditions were 65 ºC at 59 
relative high humidity (RH~95%).    60 
 The aim of this work was to investigate the effect of the concentration of NaOH and 61 
KOH activating solution on the microstructure and mechanical strength of alkali-activated 62 
VCAS pastes and mortars.  63 
 64 
2.   EXPERIMENTAL 65 
 66 
2.1 Materials 67 
VCAS was obtained from Vitro Minerals USA, as a white powder, produced by 68 
melting, quenching and grinding of waste glass fibre (Hemmings et al., 2004). The chemical 69 
composition of VCAS, determined by X-ray fluorescence (XRF) is given in Table 1. Previous 70 
work has shown that VCAS can exhibit significant pozzolanic activity (Neithalath et al., 71 
2009). 72 
Figure 1 shows a scanning electron micrograph image of VCAS and indicates 73 
irregular, dense and often sharp particles with a wide range of particle sizes. The particle size 74 
distribution was determined by laser diffraction and this indicated a mean particle diameter of 75 
approximately 12 m, with 90% of particles (by volume) less than 26 m.  76 
 Sodium hydroxide (NaOH, 95% purity) and potassium hydroxide (KOH, 85% purity) 77 
pellets were supplied by Panreac SA. These were used to prepare alkali-activating solutions 78 
with different concentrations. Siliceous sand with a specific gravity of 2.68 g.cm-3 and 79 
fineness modulus of 4.1 (UNE-EN 196-1) was used to prepare mortar samples.  80 
 81 
2.2 Tests performed on alkali-activated samples 82 
 Microstructural characterization of alkali-activated VCAS has used a range of 83 
techniques. X-ray diffraction (XRD, Philips PW1710 with Cu Kα radiation in 2 range 5-55º) 84 
was used to characterise the crystalline and semi-crystalline phases in paste samples. 85 
Scanning electron microscopy (SEM, JEOL JSM-6300) was used to examine fracture 86 
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surfaces. FTIR (Mattson Genesis II spectrometer) of alkali-activated pastes used the KBr 87 
pellets technique (1:100) to prepare samples which were scanned between 4000 cm-1 and 400 88 
cm-1. Thermogravimetric analysis (TGA, 850 Mettler Toledo thermo-balance) used 100 L 89 
aluminium crucibles and a nitrogen atmosphere. Samples were heated from 35 to 600ºC at 90 
10ºC.min-1 to give total weight loss (%) data associated with the dehydration/dehydroxilation 91 
of alkali activated VCAS.  92 
 Strength tests used a universal test machine following the procedures described in 93 
UNE-EN 196-1. The compressive strength data presented is the average of six specimens. 94 
Mercury intrusion porosimetry (MIP, Micromeritics Instrument Corporation) was used to 95 
evaluate the pore size distribution in alkali-activated VCAS mortars. The intrusion pressure 96 
applied was between 14 kPa and 227.4 MPa, and this is equivalent to pores with diameters 97 
ranging from 91.26 m to 5.5 nm. 98 
 99 
2.3 Mix composition and sample preparation 100 
 Activating solutions were prepared by dissolving alkali hydroxide pellets in the 101 
required amount of water. The concentrations of both the Na+ and the K+ ranged from 2.5 to 102 
12.5 mol.kg-1. Table 2 summarizes the activating solutions used. The paste and mortar 103 
samples prepared using these solutions have been given the notation SAC, where S is the type 104 
of sample, paste (p) or mortar (m), A is the type of alkaline solution (NaOH or KOH) and C is 105 
the concentration of the alkaline solution (mol.kg-1). 106 
The alkali-activating solutions were prepared at least 30 minutes prior to use to allow 107 
the solutions to cool to room temperature. Alkali-activated paste samples were produced by 108 
mixing VCAS powder with the required amount of alkaline activating solution for 3 minutes. 109 
Paste samples were then cast and stored in 95% RH at 65ºC. 110 
 Alkali-activated VCAS mortar samples were prepared by mixing VCAS with 111 
activating solution for 4 minutes. Siliceous sand was then added to give a sand/VCAS mass 112 
ratio of 3, before being mixed for a further 3 minutes. The fresh mortars were cast in prismatic 113 
moulds (4x4x16 cm3) and vibrated for 3 minutes to remove any air voids. The moulds were 114 
then sealed with plastic film to avoid atmospheric carbonation and stored in a thermal bath at 115 
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65ºC for 4 hours. Samples were then de-moulded and stored under the same curing conditions 116 
as the paste samples.  117 
 118 
3.  RESULTS AND DISCUSSION 119 
 120 
3.1 X-ray diffraction studies 121 
 122 
3.1.1 NaOH pastes 123 
 Figure 2 shows the XRD patterns of alkali-activated VCAS pastes activated with 124 
different concentrations of NaOH. Data for the as-received VCAS sample is also shown for 125 
comparison. This indicates that the as-received VCAS sample is amorphous, as indicated by 126 
the high background count in the range 17-32º. There is also evidence of quartz (SiO2, PDF-127 
card 331161) in the VCAS.  128 
 The formation of semi-crystalline to crystalline phases in the gel formed can be 129 
observed in pastes with increasing Na+ concentration. The zeolites Na-P1 130 
(Na6Al16Si10O32.12H2O, PDF-card 390219) and sodalite (1.8Na2O.Al2O3.1.68SiO2.1.8H2O , 131 
PDF-card 311271) was also identified. The presence of crystalline or semi-crystalline phases 132 
during the formation of alkali activated materials from selected mineral admixtures has 133 
previously been reported (Provis et al. 2005; Barbosa et al. 2000; Criado et al. 2007). Calcium 134 
carbonate (calcite, CaCO3, PDF-card 050586) and sodium carbonate (natrite, Na2CO3, PDF-135 
card 370451) were also detected and these phases are probably formed in alkali activated 136 
pastes due to carbonation or the presence of impurities in the sample (Rodríguez et al., 2012). 137 
CSH was also formed in the mixtures (Tobermorite 11Å, Ca5(OH)2Si6O16.4H2O,   PDF-card 138 
191369) due to the high calcium content in VCAS. 139 
 140 
3.1.2 KOH pastes 141 
 Figure 3 shows XRD data for KOH alkali activated pastes. The formation of 142 
crystalline phases during gel formation was not detected by XRD and these results are similar 143 
to those of Fernández-Jiménez et al. (2006) who found that alkali activated systems based on 144 
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fly ash activated by KOH had increased amorphous content compared to equivalent systems 145 
activated using NaOH. 146 
 The amorphous microstructure of pastes activated with KOH is indicated by the high 147 
background in the 20-35º 2 θ range, as shown in Figure 3. This is displaced to higher 2θ 148 
angles when VCAS is activated under more alkaline concentrations. Provis et al. (2005) 149 
suggested this displacement in the baseline deviation is a characteristic of gel formation. 150 
 151 
3.2 Fourier transform infrared (FTIR) spectroscopy studies 152 
 153 
3.2.1 NaOH pastes 154 
 Figure 4 shows the FTIR spectra for the NaOH activated VCAS pastes. This indicates 155 
that significant changes occur at the nano-scale in alkali-activated VCAS pastes. The band 156 
corresponding to the asymmetric stretching vibration of Si-O-Si groups shifts from 1010 cm-1 157 
to lower values (995-980 cm-1) for VCAS activated with NaOH solutions. This shift is more 158 
pronounced with higher alkaline concentrations. In addition, the shoulder observed at 1100-159 
1200 cm-1 in the FTIR spectrum of unreacted VCAS was reduced in intensity for pastes with 160 
high alkaline concentration. This behaviour indicates the formation of a new characteristic 161 
nanostructure associated with an amorphous gel in the alkali-activated system (Rees et al. 162 
2007). 163 
 The second characteristic band for these systems is the peak centred around 460cm-1. 164 
According to the literature (Lee and van Deventer, 2003; García-Lodeiro et al., 2008), this 165 
peak is characteristic of internal deformation vibrations of Si-O-Si and Si-O-Al bonds. The 166 
displacements of this peak to lower values, between 470 cm-1 to 455 cm-1, can also be 167 
attributed to gel formation. 168 
 169 
3.2.2 KOH pastes 170 
 Figure 5 shows the FTIR spectra for VCAS pastes activated with different 171 
concentrations of KOH. The displacement of the characteristic bands is similar to those 172 
obtained for VCAS pastes activated with NaOH solutions. In this case the range of the shift is 173 
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from 1003-995 cm-1. All the characteristic bands of aluminosilicate materials are shifted to 174 
lower frequencies. The presence of the band centred at 1450 cm-1 is associated with the 175 
asymmetric stretching vibration of O-C-O groups resulting from carbonation.  176 
 177 
3.3  Thermogravimetric analysis (TGA) studies 178 
 179 
3.3.1 NaOH pastes 180 
 Thermogravimetric analysis data in Figure 6 and Table 3 shows the total weight loss is 181 
in the temperature range between 35 and 600ºC for alkali-activated VCAS pastes. In general, 182 
when increasing NaOH concentration, higher total weight loss of paste samples occurred. For 183 
NaOH concentrations greater than 10 mol.kg-1 a reduction in the total weight loss is observed, 184 
as excess alkalis does not increase the amount of OH- and H2O groups bound to the gel 185 
formed (Barbosa, 1999). For alkali concentrations below 10 mol.kg-1 the amount of OH- and 186 
H2O bound groups is reduced due to the lower dissolving capacity of the activating solution. 187 
 Figure 6 shows the TG and DTG curves for selected pastes where the most significant 188 
weight loss of the AA-VCAS pastes occurs between 100 and 200ºC. This is associated with 189 
physically bound and zeolitic water present in the products formed (Bernal et al. 2011).  190 
 191 
3.3.2 KOH pastes 192 
The total weight loss of AA-VCAS activated with KOH solutions is shown in Figure 6 and 193 
Table 3. The increase in the KOH concentration increases the total weight loss of pastes. The 194 
results suggest that NaOH has a more pronounced ability than KOH solutions to form gel, 195 
although K+ is also reported to promote gel formation (Duxson et al., 2007). Alkaline 196 
activation of VCAS is enhanced by the Na+ cation because VCAS particles are very dense and 197 
compact and therefore dissolution in the alkaline environment is the limiting process. 198 
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 199 
3.4 Scanning Electron microscopy (SEM) studies  200 
 201 
3.4.1 NaOH pastes  202 
 Figure 7 shows micrographs of NaOH activated VCAS pastes using different 203 
concentrations of NaOH. The pNa5.0 paste shown in Figure 7a has a porous microstructure 204 
with a significant amount of partially and/or unreacted VCAS particles. The pNa10.0 paste 205 
shown in Figure 7b has a dense-compact and amorphous microstructure. However, some 206 
particles of partially reacted VCAS are also present. The alkali-activated VCAS system is 207 
composed of unreacted VCAS particles bound into an alkali-activated binder phase, and this 208 
forms a similar microstructure to a particle reinforced composite (Boccaccini et al., 1997). 209 
Similar microstructural features have been observed in other alkali-activated glass systems 210 
(Kourti et al., 2010).  211 
 The amorphous gel formed was characterized by EDX and identified as (N,C)ASH, a 212 
sodium/calcium aluminosilicate hydrate. It was not possible to identify the presence of CSH 213 
gel in this system, as would be formed in alkali-activated slags. 214 
 215 
3.4.2 KOH pastes  216 
 KOH activated VCAS pastes have a similar microstructures to those obtained using 217 
NaOH solutions, as shown in Figure 8. Pastes activated with 5.0 mol.kg-1 (pK5.0) have a 218 
porous microstructure, whereas for the 10 mol.kg-1 activated system (pK10.0), a dense, 219 
compact and amorphous microstructure is formed.  220 
 The main difference between the microstructure obtained using NaOH and KOH 221 
solutions is that using pNa10.0 NaOH produces partially reacted VCAS particles that are 222 
surrounded by a defined layer of reaction products with lower Na content than those found in 223 
the matrix. For the pK10.0, the VCAS particles are surrounded by the matrix but there is no 224 
evidence of a K concentration gradient. This suggests that the degree of reaction is higher for 225 
the NaOH activating solution and products of different composition can be obtained when the 226 
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NaOH concentration decreases with time. This is in agreement with the high total weight loss 227 
(%) observed in TGA studies of NaOH activated VCAS pastes. 228 
 229 
3.5 Compressive strength of alkali activated VCAS mortars 230 
 231 
 Compressive strengths of mortars prepared using different concentrations of NaOH 232 
and KOH activating solutions are given in Table 4. The strengths vary from 16 to 70 MPa, 233 
with higher compressive strengths obtained for NaOH compared to KOH based systems. 234 
Dissolution of VCAS is limited in KOH and this reduces mechanical strength. This is 235 
particularly noticeable for low to medium alkaline activator concentrations. For example, the 236 
10 mol.kg-1 prepared mortar sample (mNa10.0) had compressive strengths of 77 MPa for 237 
NaOH solution and 70MPa for KOH solution (mK10.0). It was also observed that for alkali 238 
concentrations greater than 10 mol.kg-1 the compressive strength of the AA-VCAS reduced, 239 
in agreement with previous studies (Lampris et al., 2009; Wu and Sun, 2007; Kourti et al., 240 
2010).  241 
 242 
3.6 Mercury Intrusion Porosimetry (MIP) studies 243 
 244 
 The pore size distribution data obtained by MIP is shown in Figure 9 for alkali 245 
activated VCAS mortars prepared using 10 mol.kg-1 of NaOH and KOH. For the same alkali-246 
concentration (10 mol.kg-1), NaOH solution yielded lower total porosity at 6.23% compared 247 
to 8.30% for the KOH solution. This suggests that NaOH solution promotes greater 248 
dissolution of VCAS and consequently a higher degree of reaction, resulting in binders with 249 
lower total porosity and higher compressive strength. KOH activated mortar had 24% of the 250 
total porosity below 10 nm pore size diameter, whereas the corresponding data for NaOH 251 
activated mortars yielded 8%. Despite the higher total porosity for the K system, the pore size 252 
diameters are smaller for KOH than those in NaOH activated VCAS. 253 
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 254 
4.  CONCLUSIONS 255 
 256 
Alkali-activation of vitreous calcium aluminosilicate (VCAS) using NaOH and KOH is 257 
reported, and this shows that the type of cation and concentration of the activating solution 258 
have a key role in the determining changes to the VCAS and the microstructural 259 
characteristics and physical properties of the paste and mortar samples formed. VCAS mortars 260 
have compressive strength in the range of 20-77 MPa when cured at 65ºC for 3 days. 261 
Microstructural studies show that an amorphous, dense, compact microstructure is produced 262 
using high alkali-concentration activators. NaOH and KOH concentration of 10 mol.kg-1 263 
resulted in the lowest total porosities and these correspond to alkali activated VCAS with 264 
good mechanical properties. 265 
 266 
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Figure 1. SEM images of VCAS particles. 346 
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 355 
Figure 2. XRD data of alkali-activated VCAS activated using different concentrations of 356 
NaOH. (Q: Quartz; P: Na-P1 zeolite; S: Sodalite; C: Calcite; N: Natrite; T: Tobermorite) 357 
 358 
 359 
 360 
 361 
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 365 
Figure 3. XRD data of alkali activated VCAS activated with different concentration of KOH. 366 
(Q: Quartz; C: Calcite; T: Tobermorite) 367 
 368 
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 372 
Figure 4. FTIR spectra for VCAS sample and AA-VCAS pastes activated with NaOH 373 
solutions. 374 
 375 
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 377 
 378 
 379 
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 381 
Figure 5. FTIR spectra for VCAS sample and AA-VCAS pastes activated with KOH 382 
solutions. 383 
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392 
 393 
Figure 6. TG and DTG curves for alkali-activated VCAS pastes prepared using either 10 394 
mol.kg-1 NaOH and KOH solutions. 395 
 396 
 397 
 398 
 399 
 400 
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Figure 7. SEM images of pastes activated with NaOH solutions: a) pNa5.0; b) pNa10.0 411 
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Figure 8. SEM images of pastes activated with KOH solutions: a) pK5.0; b) pK10.0 437 
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Figure 9. Pore size distribution for AA-VCAS mortars.  443 
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 454 
 455 
Table 1. Chemical composition of VCAS (% by weight). 456 
               
SiO2 Al2O3 CaO MgO Na2O K2O Fe2O3 Others 
57.90 12.92 23.51 2.88 0.74 0.13 0.47 1.45 
                
 457 
 458 
 459 
Table 2. Mix proportions of activating solutions. 460 
Mixture 
Alkali cation 
(M+) 
Molality 
(m) 
w/VCAS 
Na2.5 Na+ 2.5 0.45 
Na5.0 Na+ 5.0 0.45 
Na7.5 Na+ 7.5 0.45 
Na10.0 Na+ 10.0 0.45 
Na12.5 Na+ 12.5 0.45 
K2.5 K+ 2.5 0.45 
K5.0 K+ 5.0 0.45 
K7.5 K+ 7.5 0.45 
K10.0 K+ 10.0 0.45 
K12.5 K+ 12.5 0.45 
 461 
 462 
463 
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 465 
 466 
 467 
Table 3. Thermogravimetric analysis data showing the total weight loss (%) in the range 35-468 
600ºC of alkali-activated VCAS pastes activated with NaOH and KOH solutions. 469 
Akali concentration (C , mol.kg
-1
) 2.5 5.0 7.5 10.0 12.5
NaOH solution (pNaC ) 6.95 11.09 14.24 19.17 17.78
KOH solution (pKC ) 6.65 10.35 11.58 14.87 16.71  470 
 471 
 472 
 473 
 474 
Table 4. Average compressive strengths of alkali-activated VCAS mortars cured for 3 days at 475 
65ºC. 476 
Alkali concentration (C , mol.kg
-1
) 2.5 5.0 7.5 10.0 12.5
NaOH solution (mNaC ) 25.24 ± 2.52 49.51 ± 1.88 65.08 ± 2.50 77.18 ± 2.25 60.06 ± 2.05
KOH solution (mKC ) 15.96 ± 0.76 29.88 ± 0.71 49.61 ± 0.89 70.03 ± 3.67 70.28 ± 3.10  477 
 478 
